ABSTRACT Collision detection and avoidance between solid bodies are one of the most important problems in path planning for robotics machining or multi-axis machining. While planning toolpath for multi-axis milling, accurate collision detection is usually time-consuming among complex solid bodies in the computer environment. Furthermore, how to avoid the collision automatically within limited space in the path planning stage still needs lots of experience. To this end, this paper presents a general collision detection and tool posture automatic adjustment approach for the multi-axis milling process. First, by analyzing the contact state of the tool-workpiece, the calculation model of the interference quantity is determined. A unified tool constraint mathematical model based on the interference quantity and the interference type is established. Second, three types of tool adjustment strategies are constructed, the sequential quadratic programming method is used to solve the model and the graphics processing unit-based high-performance computing technology is employed to accelerate the solution process. Finally, the developed method is validated for automatic collision and tool posture adjustment in the five-axis milling of a blisk. The presented method can be integrated into commercial CAD/CAM software for rapid tool collision detection and tool orientation modification.
I. INTRODUCTION
Fast collision detection and avoidance between solid bodies [1] , [2] are common problems in the navigation [3] , missile control [4] and multi-axis machining [5] , [6] field. In manufacturing industry, while machining of complex parts, such as aero-engine blisks and compressor blades, collisions and interference may occur and lead to damage to the part due to their complex shape. Tool interference analysis and control is always the research interest in multiaxis machining. After decades of development, it has made great progress [7] - [10] . Tool collision can be classified into two types: local gouging [11] and global interference [12] . Local gouging is also known as the tool bottom interference, the main task is to analyze interference between the cutting tool and machined surface near the cutting contact point, it can be avoided by changing tool orientation or moving the tool along its orientation [5] . Global interference is also known as the collision interfere, the main task is to analyze potential collision between the cutting tool and the machined surface, neighboring surface as well as fixtures. The main developed methods include distance based method [13] , convex hull method [14] , mapping method [15] and bounding box based methods [16] . However, these developed methods are usually slow and time-consuming in computing and is difficult to be fully integrated into the commercial software.
With the development of computing technology, the graphics processing unit (GPU) computing based technology have demonstrated its power in the calculation with large amounts of data [17] . GPU uses massively parallel architecture, which uses lots data parallel logic processing unit, it is now commonly used in the path planning [18] and collision avoidance problems [19] . Since the computation cost in tool posture and collision detection is very high in the tool path planning and simulation stages for multi-axis machining, it is also employed to deal with CAD/CAM problems. Bi et al. [20] developed a GPU based method to generate collision-free and orientation-smooth tool paths for five-axis NC finishing machining of complicated shapes, accessibility cones of cutter location points as well as tool orientation optimization for a ball-end cutter are accelerated with GPU. Hsieh and Chu [21] applied GPU technology to estimate the error in the 5-axis flank milling optimization process based on the particle swarm optimization, the error amount is simultaneously calculated by the parallel processing units of GPU. Morell-Giménez et al. [22] used GPUs to improve computation in tool path generation. Abecassis et al. [23] applied GPU technology to speed-up Z-buffer or N-buffer machining simulations, especially for collisions detection between the tool and the part, and their results show significant performance improvement on the computation time. Balabokhin and Tarbutton [24] applied GPUs to reduce the simulation time in parallel tool path generation for an arbitrary milling zone on a free-form surface and a generalized cutter. Lynn et al. [25] used GPUs to support the development of a voxelized CAM package that allows for rapid toolpath generation for complex parts.
The above research has shown the great potential of applying GPU computing technology in CAD/CAM, especially for path planning. However, little research has been done on tool posture modification when the collision occurs in path planning process. This paper presents a general tool posture modification method to avoid collision between the cutter and workpiece in the multi-axis machining process, and the calculation is accelerated with the GPU parallel computing technology. The rest of the paper are organized as follows: the contact condition between the tool and the workpiece is analyzed and modelled in Section II, cutting tool constraints model is established in Section III, detailed constraints are described in Section IV, solutions of the constraint model based on GPU computing is given in Section V. Validation of the proposed method is given in Section VI with discussions. Finally, conclusions are given in Section VII.
II. TOOL-WORKPIECE CONTACT ANALYSIS AND MODELING
In the machining process, the relative position relationship between the cutting tool and the workpiece is complex. Therefore, establishing the corresponding relation model for processing tool interference detection and tool posture modification is a must. Modeling and analysis of tool-workpiece contact condition will be discussed in this section.
A. THE UNIVERSAL CUTTING TOOL MODEL
The swept envelope of a cutting tool plays an important role in cutter location calculation, tool axis control, and interference detection. When a cutting tool is rotating, its envelope is a revolution body and can be expressed in the form of toolaxis l and its generatrix £f £f £f, as shown in Fig. 1 . To simplify the calculation, a tool coordinate system O t,x t y t z t is established, the tool axis coincides with the axis l and z t axis. The generatrix of the tool envelop can be expressed by a piecewise function below:
Where [a i−1 , a i ] represents the value range of function g i along z t axis, a 0 and a n denote the two endpoints of the tool axis z t , h (t i ) = {y (t i ) , z (t i )} represents the generatrix function, and ϕ is the angle around the tool axis with range −π ≤ ϕ < π.
B. TOOL-WORKPIECE CONTACT ANALYSIS
The contact conditions between the cutting tool and the workpiece can be classified into two types: non-interference and interference. When there is no interference, the tool locates outside of the workpiece, therefore no overcut will occur and there is no need to modify the tool posture. Conversely, when interference occurs, since the tool cuts into the workpiece, overcut will occur. It is necessary to modify the tool posture to avoid interference. Depending on the location of the interference between the tool and the workpiece, three are three types of interference: (1) Rear interference: it occurs at the bottom of the cutting tool. (2) Local interference: it occurs between the cutter flutes and the workpiece. (3) Global interference: there is interference between the cutter shank and the workpiece.
C. TRANSFORMATION BETWEEN THE WORKPIECE COORDINATE SYSTEM AND TOOL COORDINATE SYSTEM
In the machining process, the workpiece is usually complex and the profile of the workpiece is always changing. Since the cutter is almost the same, it is suitable to do the analysis of interference in the tool coordinate system. Define a workpiece coordinate O w,x w y w z w , let p be the cutter contact point, VOLUME 6, 2018 FIGURE 2. The cutting tool coordinate.
l be the corresponding tool orientation, C be the cutter location point, n be the face normal at p. Let z t axis of cutting tool coincide with l, as shown in Fig.2 . For a point s in the workpiece coordinate system, it is marked as s * in the tool coordinate system. Then coordinate transformation relationship can be expressed as:
where M is the transformation matrix:
After transforming points from the workpiece coordinate system to the tool coordinate system, it is easy to calculate the interference between the cutting tool and the workpiece.
D. INTERFERENCE DISTANCE CALCULATION
Once the interference occurs, the value should be calculated before automatic adjustment. For a universal tool described by the axes and its generatrix, the distance d from a point s * = (x * , y * , z * ) to the cutter rotation axis can be expressed as:
By substituting z (t i ) = z * into the generatrix equation h (t i ) = {y (t i ) , z (t i )}, the corresponding tool radius R * for point s * can be obtained. Define the interference value on the tool elevated section where point s * locates as δ, then the interference value can be derived as:
Let ε > 0 be the allowable interference tolerance, then if δ > −ε hold, the point s * on the workpiece does not interfere with the tool; otherwise, interfere occurs. The interference type can be determined by judging projection position of s * on the axis z t .
Automatically Programmed Tools (APT) are the most commonly used tools in CNC machining, its definition is shown in Fig.3 . It can be divided into three segments, For an APT tool, it can be considered as a special case of universal cutting tool defined in the previous section, the interference type can be defined as follows for a point s * = (x * , y * , z * ):
, no interference will happen. Although the above description can be applied for interference detection and calculation between the workpiece and tool for most cases, it cannot get accurate results for some special cases. As shown in Fig. 4 , when the tool generatrix functions include z = a, y ∈ [y 1 , y 2 ], for any point s * on the workpiece locating near the generatrix, i.e., z * ∈ [a − ε, a + ε], y * ∈ [y 1 , y 2 ], then interference between the point and the tool exists and the interference type can be determined by the value of z * .
, then there is no interference between the point s * and the cutting tool within that section of generatrix. However, interference may occur with other parts of the tool, hence detection with other generatrix sections is needed.
E. OVERVIEW OF THE AUTOMATIC COLLISION INTERFERENCE DETECTION AND MODIFICATION
Due to the shape complexity of the workpiece and the tool, it is difficult to apply the analytical method for interference calculation and adjustment. To get a common and feasible automatic approach, discrete points form the workpiece are used in this research and the flow chart for interference calculation and tool orientation modification is shown in Fig. 5 . According to the above-described principles, the interference status and types between the tool and workpiece can be easily figured out. However, the calculation of interference type and a series of discrete points on workpiece and fixture is necessary with the above method. Therefore, the computation cost is very high. To overcome this problem, the GPU based parallel computing technology is applied for achieving rapid calculation of the interference value and it is discussed in the following sections. 
III. CUTTING TOOL CONSTRAINTS MODEL
In the machining process, the interference type between different parts of the tool and the workpiece surface is different, therefore their influence on the global interference calculation is different. To solve this problem, an optimization model should be established to find a tool adjustment strategy. In this study, ξ k , a weighting factor of interference is introduced here. To judge the interference between the cutter and the workpiece, transforming potential interference point set {s k |k = 1, 2, · · · , N } from the workpiece coordinate system to the tool coordinate system and a new point set s T ,k |k = 1, 2, · · · , N is obtained, where N is the number of discrete points. The transformation process can be expressed by the following equations:
where M is the transformation matrix from the workpiece coordinate to the tool coordinated system, O T is the cutter location coordinate.
In the multi-axis machining process, the tool can do any rigid transformation including translation and rotation to avoid the collision. Let R T represent rotation matrix about an arbitrary axis, T T represents the translation matrix, s * k represent the point after the transformation. Then the transformation can be expressed as:
where
Let l T be the initial tool orientation with interference, O T be the corresponding cutter location. After the above transformation, the new tool orientation l *
T and cutter location
Usually, the rotation R T can be decomposed into rotation angles about three axes x t , y t , z t as ω x , ω y , ω z respectively; and the translation T T can be decomposed into translation along three axes x t , y t , z t as x, y and z, respectively. Therefore, the above six parameters g = ω x , ω y , ω z , x, y, z T can be used to constraint the tool posture for interference avoiding. Furthermore, according to the previous interference analysis in Section II, the weighted sum of squares function in terms of interference value is defined here as the optimization objective function for the tool posture refinement.
In order to avoid interference in the machining process, the tool needs to be adjusted to the appropriate posture, so that the minimum f (g) can be get. Then the following constraint model can be defined
where, g ∈ is the tool posture constraints, is a feasible set or feasible region, each set represents a feasible tool posture, ξ k is the weighting factor of interference and it is related with VOLUME 6, 2018
the interference positon between the cutter and the machined surface.
IV. ESTABLISHMENT OF CONSTRAINTS
To avoid interference between the tool and workpiece, there are several adjustment methods including translation and rotation of the tool. In this section, three types of tool adjustment method and their constraints will be discussed. In multiaxis milling process, there are totally six degrees of freedom, including three translation, x, y, z, and three rotation, ω x , ω y , ω z . While adjusting the tool posture to avoid interference, the corresponding constraints in terms of translation or rotation within a certain range can be expressed as:
where p and q are the corresponding constraints number.
A. ADJUSTMENT WITH TRANSLATION
In some cases, the tool can be adjusted by translation to avoid interference. That is, the tool can be moved along x t , y t and z t for distance x, y and z, repectively. Then the constraints can be expressed as:
Usually, adjustment of tool position with only translation is used in the milling process with fixed tool orientation, such as three-axis milling.
B. ROTATION ABOUT A SPECIFIC POINT
Suppose a point s in the tool coordinate system is rotated about point O c and get a new point s tr :
where R 0 is the rotation matrix and is express as:
and rotation matrices about x t , y t and z t are
The translation matrix T 0 can be expressed as:
As shown in Fig.6 , s new is the projection of point s tr on curve C, which is the intersection of the plane and the cutter profile, the plane is perpendicular to the cutter axis. The point s new is the new cutter contact point. Let h (t) = {y (t) , z (t)} be the generatrix function, and then the new cutter contact point is derived as:
where O axis = (0, 0,z (t)), and z (t) is the same value with s new in z t direction. While using this tool adjustment strategy, both the translation and rotation matrices will be changed and the constraints are:
In practice, there are three types of tool posture adjustment: (a) The cutter rotates about O axis . This is the general case and strict constraint should be constructed based on above analysis. (b) The cutter rotates about the cutter contact point, and new cutter contact can be obtained with only rotation, thus T 0 = 0. (c) The cutter rotates about the tool center. In this case, translation may be needed after rotation since the cutter may not contact with the workpiece. For ball end cutters, the third strategy is usually used to avoid the interference.
C. ROTATION ABOUT A SPECIFIC AXIS
Consider an axis in the space defined by point A (x A , y A , z A ) and point B (x B , y B , z B ), a point s rotates about the defined axis about angle γ and get a new point s new , then it is expressed as:
35136 VOLUME 6, 2018 where R AB and T AB are the rotation and translation matrix, respectively. They have the following expression:
. Tool rotation about an axis.
Therefore, the constraints in this case can be summarized as:
This kind of strategy is mainly used for the adjustment of the lead angle and tilt angle to refine the tool posture.
V. SOLUTION OF THE CONSTRAINT MODEL
The constraint model can be converted to the general form of nonlinear constrained optimization problems.
where f (g) is a weighted sum of squared interference objective function, h1 (g) and c (g) are the tool posture adjustment process constraints. An effective method to solve the above problems is the sequential quadratic programming (SQP method), the main idea of this approach is to convert the above problem into a series of sub-quadratic programming problems. Each subproblem can determine a descent direction, by reducing the measurement function to get the step length. Repeat these steps can obtain the final solution of the optimization problem.
A. SEQUENTIAL QUADRATIC PROGRAMMING
In order to convert the problem described in Eq. (26) into a quadratic programming subproblems, the nonlinear constraints are approximated by linear constraints, while the Hesse matrix of the new secondary objective function is a definite approximation of the original Hesse matrix of the Lagrange function, then we can get the following subquadratic programming problems.
Where, B k is the positive definite approximation of
. By solving the above optimization problem, the solution d k and the corresponding Lagrange multiplier λ k can be obtained. Basic steps for solving the nonlinear constraint optimization problem with SQP are listed below:
(1) Set the initial value. Let g 1 ∈R n , and B k ∈ R n×n be a symmetric positive definite matrix, select control tolerance larger than zero. Calculate ∇f (g 1 ) and let k = 1.
(2) Solve the sub-problem. Solve the problem and get corresponding solution d k and Lagrange multiplier λ k .
(3) Conduct the linear search. Select a measurement function W (g, u), determine the search step length k . Let g k+1 = g k + s k , and s k = k d k . If g k+1 satisfy the termination condition below, let g * = g k+1 and terminate the search. Otherwise, execute step 4.
Generally, ε 1 = 0.01, ε 2 = 0.01, ε 3 = 10 −5 , ε 4 = 10 −3 . (4) Refine B k and get B k+1 , let k = k +1 and go to step (2) . While calculating f (g k ) in the above steps, repeated computation is needed for large amounts of data, resulting in a heavy computation burden for the CPU. To improve the computation efficiency, the repeated computation can be done on the GPU.
B. DETERMINATION OF SEARCH STEP k
In the searching process, a measurement function W (g, u) is established to let the iteration reach the feasible region. The function contains the objective function and constraint function and is defined as:
where µ i(j) is a penalty factor and can be determined by Lagrange multiplier, that is
In the linear search process, procedures for determine of search step are described below:
(2) If φ ( ) ≤ φ (0) + 0.1φ (0) holds, terminate the iteration; otherwise, go to next step.
(3) Calculate¯
Let = max {0.1 , min {0.6 ,¯ }}, go to step 2.
C. REFINEMENT OF MATRIX B k
Using the quasi-Newton method to achieve a positive definite approximation of the Hesse matrix
Let
In order to get the definite matrix B k+1 , y T k s k > 0 should be guaranteed. To fulfil the requirement, let
Then the following can be guaranteed.
Then the refined B k becomes
D. THE GPU-ACCELERATED APPROACH
While calculating the target value of the optimization function, it is necessary to calculate the interference quantity δ of all discrete points on the surface repeatedly. According to Section II, the coordinate point in the workpiece coordinate system needs to be transformed into the tool coordinate system during the calculation of the interference amount, thus a lot of matrix calculations are needed. The above operations need to be calculated one by one when executed in the CPU, which is time-consuming. Therefore, the GPU acceleration technology is introduced here to increase the speed of operation. A GPU is a graphics processor and is also called a graphics processing unit. It is a dedicated graphics-rendering device that can be found on every personal computer, sharing the 2D and 3D graphics processing tasks of CPU. The GPU has significant advantages over the CPU in terms of processing power and memory bandwidth and does not need to pay a large price in terms of cost and power consumption, which makes it an important solution to solve the problem of a large amount of data calculation. Due to the high degree of parallelism of graphics rendering, the GPU can increase the processing capacity and memory bandwidth by adding parallel processing units and memory control units. GPU designers use more transistors as execution units instead of the CPU as complex control units and caches to increase the execution efficiency of a small number of execution units.
At present, GPU programming mainly adopts the heterogeneous mode of CPU+GPU. The CPU is responsible for the complex logic processing and transaction management and is not suitable for parallel computing. The GPU is responsible for the intensive large-scale data parallel computing. This kind of computing method that takes advantage of the GPU's powerful processing capacity and high bandwidth to compensate for the lack of CPU performance has significant advantages in exploiting the potential performance, cost, and cost-effectiveness of the computer. The parallel computing function running on the GPU is called the kernel. A kernel function is not a complete program, but a step in the entire program that can be executed in parallel. Figure 8 shows a complete CUDA program, which consists of a series of device-side kernel function parallel steps and host-side serial processing steps. These steps are performed in the corresponding order in the program. It can be seen from Fig. 8 that the kernel is organized in the form of a grid of threads. Each grid of threads is composed of a number of thread blocks, and each thread block is composed of several threads. There are two levels of parallelism in a kernel function, that is, the parallelism between blocks in the Grid and the threads in the Block. In practice, the kernel is implemented in units of blocks. The CUDA-introduced grid is only used to represent a set of blocks that can be executed in parallel. Blocks are unable to communicate in the parallel execution process, there is no execution order, but threads can achieve communication through related operations. According to the practical problems and hardware conditions, opening up reasonable block and thread for parallel computing can effectively improve the computational efficiency.
The calculation principle of the objective function f (g) is shown in Fig. 9 . Create a float4 memory array A 0 with a length of N (N is the number of discrete points on the surface) and a float memory array A 1 of length M (M is the number of blocks opened in a Grid in the GPU). Store the coordinates of the discrete points on the surface of the WCS in A 0 and store the value of the objective function in the calculation process in A 1 . At the beginning of the calculation, all the values in A 1 are set to 0. In the calculation process, a separate thread is used to calculate the interference quantity δ i and the corresponding weight value λ i between a discrete point s i on the surface and the tool. Because the threads in the same block can communicate with each other, the application is applied to each block. The approximate operation acquires the weighted sum of squares of all the interferences in the block, and after all block calculations are completed, the result is passed back to A 1 . The sum of all the values in A 1 is obtained by using the serial summation method in the CPU is the value of objective function f (g) under (M t , R t ). 
VI. EXAMPLES AND ANALYSIS
To validate the proposed method, the tool orientation adjustment for the five-axis machining of an aero-engine blisk is presented in this section. The cutting tool used here is a 10mm diameter flat end cutting tool. When collision occurs, cutter center point is O t = (280.796, −7.177, 22.672) and the corresponding tool orientation is l = (0.976, −0.116, −0.186), as shown in Fig. 10 . The developed method is used to eliminate collision between the cutting tool and the workpiece. 
A. TRANSFORMATION WITH ONLY TRANSLATION
In this case, only translate transformation is performed. Let the adjustment range along x t , y t and z t axis be
, respectively. Since no rotation is performed, ω x = ω y = ω z = 0. The proposed GPU based method is performed and results are shown in Table 1 and Fig. 11 , the optimization result is shown in Fig. 12 . In Table 1 , the ''Points number'' indicates the number of discrete points on the potentially effective area of the workpiece that may interfere with the tool. The more discrete points, the higher the calculation accuracy. 
B. TRANSFORMATION WITH ONLY ROTATION
In this case, only rotation transformation is performed. Let the adjustment range about x t , y t and z t axis be ω x ∈ [−π, π], ω y ∈ [−π, π], ω z ∈ [−π, π], respectively. Since no translation is performed, x = y = z = 0. The proposed GPU based method is performed and results are shown in Table 2 , Fig. 13 and Fig. 14 . 
C. TRANSFORMATION WITH BOTH TRANSLATION AND ROTATION
In this case, let the adjustment range along and about x t , y t and z t axis be
The proposed GPU based method is performed and results are shown in Table 3 and Fig. 15 , the optimization result is shown in Fig. 16 . For actual machining processes, there must be millions of points from the workpiece. However, only few positions on a machining trajectory may interfere, and the interference detection is actually very fast. The interference can be eliminated quickly with the developed method.
VII. CONCLUSION
This paper presents a tool orientation optimization model to achieve fast detection of interference and tool posture modification. The solution process of the optimization model is accelerated with the GPU technology. The main contributions of this paper are as follows:
(1) A general method for interference calculation for general cutters is developed, and the framework for fast collision detection and adjustment is established.
(2) A constraint model for the tool posture modification is proposed, and three tool general posture modification strategies are developed.
(3) The GPU based computing technology is applied for achieving rapid computing of the interference value in the tool posture modification process.
Beyond that, to get a smooth tool orientation change along the toolpath, future work can include the global smooth constraint. Furthermore, the presented method can also be used for the general collision detection and avoidance. 
